The relative hydrophobicity of the phases of several {polyethylene glycol (PEG) 8000 + sodium sulfate (Na 2 SO 4 )} aqueous two-phase systems (ATPSs), all containing 0.01 mol Á L À1 sodium phosphate buffer (NaPB, pH 7.4) and increasing concentration of a salt additive, NaCl or KCl, up to 1.0 mol Á L
Introduction
Liquid-liquid extraction using aqueous two-phase systems (ATPSs) has proved to be a promising separation strategy for many biological products [1] [2] [3] [4] [5] . To a large extent, interest in the partitioning behavior of proteins and other biomolecules in ATPSs have been stimulated by the potential of these systems to provide innocuous environments for the treatment of biological materials [1] [2] [3] [4] [5] [6] . It is an environmentally friendly and easy to scale-up technology and it does not require the use of expensive equipment. A conventional ATPS is a biphasic system composed of a water solution containing a specific concentration of two hydrophilic polymers or one hydrophilic polymer and one salt [7, 8] . The distribution of the solute between the two aqueous solution phases is characterized by the partition coefficient (K) defined as ratio of the solute concentration between the top and bottom phases.
The physicochemical mechanisms underlying the partitioning of molecules in an ATPS are very complex because of the involvement of several factors in the interactions between the solute and the phase-forming components [9] . The type, molecular weight and concentration of phase forming polymers, type and concentration of phase-forming salt, type and concentration of salt additives, pH and temperature are parameters of extreme importance.
The salting-out ability of the salt-rich phase and the exclusion limit of the polymer-rich phase are the main factors to determine the partition of biological macromolecules in PEG-salt systems [10] . Salts are often used in polymer/salt ATPS to direct partitioning of target molecules between phases [7, 11] . Previous studies have shown that the addition of a neutral salt such as NaCl can strongly affect the extraction performance parameters [5, 9, [11] [12] [13] , being this effect attributed to possible hydrophobic interactions.
A scale of hydrophobicity based on the free energy of transfer of a methylene group between the phases, DG(CH 2 ), proposed by Zaslavsky and coworkers [8, 14] , has been used to estimate the relative hydrophobicity of several ATPSs [4, [15] [16] [17] [18] [19] . ATPSs appear as a practical alternative to the 1-octanol/water biphasic system for the determination of hydrophobicity used in the correlation of drug action in Quantitative Structure-Activity Relationships (QSAR). Moreover, a Linear Solvation Energy Relationship (LSER), recently reported to be applicable to partitioning of solutes in ATPSs [20] [21] [22] , have used DG(CH 2 ) as a molecular descriptor for the characterization of the solvent properties of the phases of a given system.
In this work we have studied the influence of salt additive (NaCl or KCl) composition on the hydrophobic character of the coexisting phases in ATPSs composed of polyethylene glycol-8000 (PEG 8000) and sodium sulfate (Na 2 SO 4 ), containing a fixed concentration of 0.01 mol Á L À1 sodium phosphate buffer (NaPB), pH 7.4, and salt additive increasing concentration up to 1 mol Á L
À1
. Partitioning behavior of homologous series of five sodium salts of 
amino acids solutions of 10 mmol Á L À1 were prepared in 10 mmol Á L À1 NaOH and the exposure to light minimized. All products were used as received without further purification. Deionized water was used for all diluting purposes. All weighing was carried out on an analytical balance precise to within ±0.2 mg (OHAUS, Explorer Pro, model EP214DC, Switzerland).
Methods
The systems were prepared by weighing the appropriated amounts of PEG 8000 and Na 2 SO 4 stock solutions. Appropriated amounts of buffer solution and the required salt concentration were added to the systems, in order to achieve the desired composition. Different (PEG 8000 + Na 2 SO 4 ) ATPSs, all containing 0.01 mol Á L À1 NaPB, pH 7.4, and concentration of a neutral salt, such as NaCl or KCl, increased up to 1.0 mol Á L
À1
, were prepared with a final total weight (after addition of sample solution) of 0.5 g.
Partition coefficients of five DNP-amino acids were measured in three different tie-lines of a set of ATPSs previously reported [23] . The feed compositions of the tie-lines used for partitioning experiments are listed in table 1. The DNP-amino acid stock solution was added into each ATPS at six different concentrations (0 to 100 mg) and the corresponding amount of water (100 to 0 mg) for a final system weight of ca. 0.5 g. Systems were vortex-mixed and centrifuged for 30 min at 3000g (HERMLE, Z36HK, Germany) to accelerate phase separation. After, samples of each phase were withdrawn and conveniently diluted. Following vortexing, 300 lL aliquots were transferred into microplate wells, and the UV-Vis spectrophotometer (ELISA reader, Biotech, Synergy HT, USA) used to mea- sure optical absorbance at the wavelength of maximum absorption (362 nm). Since there was a considerable difference between the concentrations of the DNP-amino acids in one phase relative to the other phase, different dilution factors were used for the top and bottom phases. Blank systems at corresponding dilutions were measured for comparison. The latter procedure and its advantages over more common protocol, including several partition experiments of a solute at a single concentration, have been explained and discussed in detail elsewhere [8] . The K for the DNP-amino acids, in a specific ATPS, was determined from the slope of the linear regression of the amino acid absorbance in the top phase plotted against that in the bottom phase, both corrected with the corresponding dilution factors (DF) as given by [4, 8, 17, 18] : 
Results and discussion
Recently, we have reported the effect of two salt additives (NaCl and KCl), with concentration increasing up to 1.0 mol Á L
À1
, on the ATPS formed by PEG 8000 and Na 2 SO 4 , containing a fixed concentration of 0.01 mol Á L À1 NaPB, pH 7.4 [23] . Phase diagrams were characterized by the binodal curve and tie-lines [23] . In this work, the DG(CH 2 ) was been used to characterize the solvent features of the coexisting phases of those particular ATPS. According to this current approach, for any homologous series of solutes with varied aliphatic alkyl chain length, the distribution coefficient in a particular ATPS can be described as [8] :
where ln K i is the natural logarithm of the distribution coefficient K, n(CH 2 ) is the length of the aliphatic chain of a given solute i represented by the equivalent number of CH 2 groups, E is an average ln K i increment per CH 2 group; C represents the total contribution of the non-alkyl part of the structure of the solute in the series ln K i . The physical meaning of both parameters C and E was discussed in detail elsewhere [4, 8, 17, 18] . Table 1 lists the partition coefficients of the DNP-amino acids obtained in three different tie-lines of each biphasic systems with different salt additives and salt additive concentrations. In agreement with the previously reported for other ATPS [18, 24] , it was observed that there was a linear relation between the logarithms of the distribution coefficients and tie-line length (TLL) (figure 1). At the critical point (TLL = 0), both phases have the same composition and the partition coefficient becomes unity [4] . The results show that in all the systems, increasing of the TLL, the DNP-amino acids partition more preferentially to the upper (PEG-rich) phase. As exemplified in figure 1 , experimental data can be described as [18, 24] :
being a a constant that characterizes the effect the composition of the equilibrium phases of a given system on the distribution coefficient K of the solute in that system. Therefore, for a given system with different tie-lines (I and II), it results from equation (3) that:
In figure 2 , the calculated ln K (based on equation (4)) is plotted as a function of the experimental ln K data and a good correlation was found being this relationship described as: where N is the number of data points and r 2 is the correlation coefficient.
The parameters E and C (equation (2)) obtained by linear regression and the respective r 2 are given in table 2. Figure 3 illustrates the relationship described by equation (2) for the DNP-amino acids in the ATPS without salt additive. The Gibbs free energy of transfer (DG) of a component from one phase to another can be related with its partition coefficient as follows [4, 8, 17, 18] :
where R is the universal gas constant and T is the absolute temperature in Kelvin. It follows from equations (2) and (6) that the parameter E may be used as a measure of the difference between the affinities of the two phases for a CH 2 group, therefore, the relation with DG(CH 2 ) can be described as: 
The DG(CH 2 ) values obtained from equation (7) and listed in table 2 are in agreement with others reported in the literature for different PEG-Salt ATPS without salt additives [17, 18, 25] . The negative DG(CH 2 ) or the positive E values obtained in the examined systems indicate that the PEG-rich phase (top phase) is more hydrophobic than the corresponding salt-rich phase (bottom) [8, 17] . Figure 4 presents the DG(CH 2 ) as a function of the difference in polymer composition between the equilibrium phases (DP) [23] . The relative hydrophobicity is a parameter characteristic of each tie-line in a given ATPS and increases as the TLL increases, showing a linear trend. Experimental data for the system with no salt added is included in figure 4a and b in order to evaluate the effect of the increasing NaCl or KCl salt concentration. The results show that to promote considerable differences of hydrophobicity between the phases, when compared to the ATPS without salt addition, the concentration of added salt, either NaCl or KCl, needs to be higher than 0.25 mol Á L
. Clearly the biphasic systems with high salt additive concentration present the most negative DG(CH 2 ) values, suggesting a more efficient biphasic separation system [4] . It is noted that in a salt additive containing system the relative hydrophobicity of the phases can be adjusted over a significantly wide range by changing the total salt concentration and/or the TLL.
In the present work, two additive salts with a common anion were chosen. The cation Na + prove to be more effective changing the hydrophobicity of the phases and it provides higher slopes than the K + , which is in agreement with the Hofmeister series. Since ion (Na + ) is more kosmotropic, it presents a higher salting-out ability. The systems were prepared at the same pH and with increasing salt ionic strength (I). Therefore, the feasibility of establishing a relationship between the relative hydrophobicity of the phases in a given TLL and the ionic strength of the salt additive was investigated. In figure 5 the DG(CH 2 ) is plotted against the TLL and the I of the salt added. A simple correlation was found for each salt. For the systems with added NaCl salt the following correlation was found: In figure 6 the calculated DG(CH 2 ) (based on equations (8) and (9)) is plotted as function of the experimental DG(CH 2 ) data and a good correlation was found (figure 6a and b, for NaCl and KCl salts, respectively). (a) It is known that DG(CH 2 ) is not the single measure of the phase properties governing the partitioning of a solute in ATPS, however, when ATPSs is used for separation purposes, these results are of important utility for the improvement/achievement of a specific separation of biological solutes. The hydrophobic interactions between the solute and the phase forming components are one of the major responsible for the selective partition [9, 11] therefore, optimal conditions for a target product can be predicted (e.g., increase of the relative hydrophobicity of the phases to promote the partition of the most hydrophobic solute to the most hydrophobic phase while the contaminants stay in the other phase).
Conclusions
The relative hydrophobicity of the equilibrium phases of (PEG 8000 + Na 2 SO 4 ) ATPSs, all containing 0.01 mol Á L À1 NaPB, pH 7.4, and differing in composition, type and concentration of salt additive (NaCl or KCl with concentration up to 1.0 mol Á L À1 ) was studied by partitioning a series of five sodium salts of DNP-amino acids with aliphatic side chains in three different tie-lines of each biphasic system. It has been demonstrated that DG(CH 2 ) can be used as a parameter characteristic of the each tie-line in a given ATPS and there is a linear relationship between the relative hydrophobicities of the TLL.
It is known that DG(CH 2 ) cannot be used as a single measure of the solvent properties of the phases and therefore it cannot be used alone for comparison of the different ATPS, but this parameter it is very important for the physico-chemical characterization of the ATPS. The systems were characterized by phase diagrams (binodal curve and tie-lines) [23] and the free energy of transfer of a methylene group between the coexisting phases determined to obtain the difference between the hydrophobic character of the equilibrium phases.
The results obtained in this study will contribute for a better understanding of the mechanisms of solute distribution in these systems and will certainly provide new insight for applications in the biotechnological industry. The results shown that, these systems can be easily designed to achieve a specific separation.
